The European Virtual Observatory Euro-VO has been coordinating European VO activities through a series of projects co-funded by the European Commission over the last 15 years. 
at the European level coordinate the work in support of the three "pillars" of the Virtual Observatory: support to the scientific community, take-up by the data providers, and technological activities. Several Euro-VO projects have also provided direct support to selected developments and prototyping. This paper explains the methodology used by Euro-VO over the years. It summarizes the activities which were performed and their evolutions at different stages of the development of the VO, explains the Euro-VO role with respect to the international and national levels of VO activities, details the lessons learnt for best practices for the coordination of the VO building blocks, and the liaison with other European initiatives, documenting the added-value of European coordination. Finally, the current status and next steps of Euro-VO are briefly addressed.
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Introduction: Why a European Virtual Observatory project?
The digital revolution is bringing a change in paradigm in the way science is done. Astronomy has long been at the forefront for widespread sharing and re-use of data, with a new step towards interoperability and data integration through the development of the astronomical Virtual Observatory (VO). The concept of a Virtual Observatory is that astronomical data worldwide should be accessible through common protocols, with interoperability standards for metadata and tools so that access and use of the data become seamless. VO is embraced as a world-wide community-based initiative that is transforming and restructuring the way astronomy research is done.
The VO has now reached a significant level of maturity and provides an operational framework for interoperable and efficient access to world-wide astronomical data and services. The construction of the VO has followed a predominantly bottom-up, incremental, pragmatic approach that has been carefully matched to the needs of the astronomical community. This has been supported by national VO initiatives and data centres, with a significant contribution from the European VO initiatives. Having reached this level of maturity, it is now timely to write its history and to describe how it was built and the lessons learnt over the years. This paper is focussed on the European Virtual Observatory, Euro-VO. The main role of Euro-VO has been to coordinate European VO activities, with also for some of the European projects support to technological activities. This paper will highlight the main VO building blocks and lessons learnt on how to coordinate them. Formal participation in the VO is based on national and international collaborations gathering development teams and data providers, as stated in the "Guidelines for participation of the International Virtual Observatory Alliance" (Hanisch et al. 2010 [1] ). VO initiatives from several European countries are IVOA members, as is the European Space Agency (ESA), which is an intergovernmental organisation. The potential usefulness of the coordination of VO activities at the European level was recognised very early. A mechanism was needed to bring the relevant parties together.
Funding by the European Commission through its successive Framework
Programmes (FP) has a strong structuring role for astronomy in the European countries, as well as the two intergovernmental organisations ESA and ESO which pool resources from their member countries to realize large space-and ground based programmes. It thus appeared natural to set up a coordination of the VO activities at that level, which soon became the European Virtual Observatory Euro-VO. Inclusive federation of complementary expertise with a light organisational structure and an evolving partnership has been the foundation of the Euro-VO. As a starting point, the two intergovernmental organisations ESA and ESO brought in experience on how to deal with observational data from large ground and space-based telescopes, Strasbourg astronomical data centre CDS had anticipated several aspects of the Virtual Observatory (for instance Aladin already provided access to distant observatory archives, and employed a registry of resources (Fernique, Ochsenbein and Wenger 1998 [2] )), and the UK VO project AstroGrid had just started. These were the main partners of the first European project. Other VO initiatives progressively started in other countries, and Italy, Spain and Germany (respectively the Italian Virtual Observatory VObs.it, the Spanish Virtual Observatory SVO and the German Astrophysical Observatory GAVO) joined Euro-VO.
The Astrophysical Virtual Observatory (AVO) project was successfully submitted for funding to the European Commission in 2001 (Quinn et al. 2002 [3] ).
This allowed a close collaboration between the national initiatives, ESA, and ESO. As expected, the European initiatives brought their complementary expertise, and coordination and collaboration allowed them to reach a critical mass for the different aspects of the activities. We found that activities developed in collaboration at the European level worked well as templates for activities at national level, and technical collaborations between teams from different countries strengthened the impact of the work of the individual teams.
It was soon realized that the VO aim of providing seamless access to the wealth of astronomical resources, was well aligned with key objectives of the European Union. One of the main impacts of the VO is to offer an equal opportunity to access the best data and tools to scientists from all countries, and in particular to astronomers of all European countries, including peripheral and outermost regions. All data and service providers, large agencies, and small teams willing to share their knowledge, can contribute. The VO is thus a powerful vehicle for the integration of the national European astronomical communities into a single community, which is actually world-wide.
The European project also gave good visibility to VO development across Europe. This has been very important to get the VO taken into account in the European strategy for Astronomy [4] established in 2008 by the Astronet ERA-NET 1 , which gathers the astronomy funding agencies.
The paper is organised as follows: Section 2 briefly describes the suite of European projects which supported the development of Euro-VO over the years, and the evolution of the activities while the project was maturing; Section 3 explains the specific role of Euro-VO in the global VO landscape, and its positioning with respect to the IVOA and the national initiatives; Section 4 details the lessons learnt from the building of Euro-VO, and identify best practices for coordinating VO activities; Section 5 explains the Euro-VO role in a wider
European context, its liaison with "nearby" disciplines and projects which work on generic building blocks of the data infrastructure. Section 6 concludes by discussing the current status of Euro-VO and the next steps.
The European VO projects: building the European contribution to the Virtual Observatory
The VO is one of the research infrastructures of astronomy, but it was a novel concept when it emerged and there was no pre-existing model to follow to develop it. The European projects progressively went through different phases, from R&D and proof of concept to operations, and defined the activities required to develop and maintain the European VO. The projects concerned are briefly described in this section, to show how the current Euro-VO strands of work progressively took shape. More details on how the activities were performed will be given in Section 4 which explains the lessons learnt.
1 ASTRONET was created in 2005 by a group of European funding agencies in order to establish a strategic planning mechanism for all of European astronomy. As of 2014, the ASTRONET consortium has eleven participants, twenty-one Associates and two Forum members.
The early stages of Interoperability
The first key contribution of European funded projects to the construction 
The Euro-VO projects
European funding is organised in cycles, the so-called Framework Programmes Table 1 provides information about the EC-funded projects including dates and partners.
The early phases of Euro-VO
The early phases of Euro-VO are described in Genova (2009) [8] . 
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AVO led to the understanding that the coordination of VO activities relied on a "triangle": support for scientific users, support for data providers, and technological activities. This structured the projects in the following phases (Padovani, 2006 [10] ).
The AVO was succeeded by two projects of the Sixth Framework Programme, dealing with two of the required strands of work of the VO construction, in addition to the communication with scientific users and the gathering of science requirements which had been explored by the AVO:
• Technological development, with the VOTECH Design Study
which assessed technological aspects of the construction of Euro-VO with four domains of study: "Architecture", "New user tools", "Intelligent resource discovery", "Data exploration", together with the technology projects of the Euro-VO partners. VOTECH defined a reference architecture for the VO, identifying the architecture components, tools, and relevant technologies and standards, and studied some of these components. It also began to coordinate European technical input in IVOA.
The project worked in close collaboration with ESA.
• the level of effort required to publish their data in the VO framework.
EuroVO-DCA performed the first census of European data centres. It also included explicitly for the first time liaisons with the astronomical community in European countries beyond the project partners, which has been a standing item of all the projects since then. Collaborations and VO Days organised with the Czech Republic, Lithuania, Poland, etc served to raise awareness and in some cases to create a national proto-VO.
Transition to operations
The Euro-VO transition to operations has been supported by three projects • Construction of a community of science users, and the gathering of their needs
• Large scale deployment of IVOA protocols and standards by the astronomical data repositories
• Maintenance and development of the VO technical infrastructure, includ- The balance between the implementation of VO in data centres and technical work on the VO framework is also different for the different partners.
Euro-VO has proven to be indispensable for coordination and cooperation, and for the exchange of information and the sharing of expertise, strengthening the weight of the individual European projects in international cooperation.
Individual projects keep their own aims, but learn from each other and build a global strategy, and duplication of efforts is minimized. This helps national activities to be better focused and to have much greater impact.
The European level also brings critical mass for the activities, in particular for support activities for scientists, data providers and education. The tutorials and support activities are developed at the European level, and then used as templates for national activities. Important collaborations between teams from different countries were also nurtured by the technological discussions within Euro-VO.
During the last few years, the European projects were funded to support solely coordination activities. The previous projects came also with support for service activities and technological development. This was instrumental in focusing the activities in key elements of the VO, the essential initial standards and the tools which are now the core VO framework, besides the proper interests of the national and agency initiatives. In turn this empowered the European teams to influence the development of the global VO. There are currently 39 standards recommended by the IVOA, among which only two have no European co-author, and 22 have at least one European editor.
Lessons learnt for best practices for VO activities
As confirmed by the Euro-VO projects, the activities required to maintain the Virtual Observatory are the following:
• Development of standards and protocols, and their international agreement;
• Construction of "glue" software components -registry, workflow, user authentication, virtual storage;
• Uptake by data centres, who need to "publish" to the system, i.e. to write VO compliant data services connected to their holdings;
• Construction of tools to effectively take advantage of seamless access to data, some of them able to act as VO portals for certain types of data;
• Support for the scientific community in its uptake of the new framework.
The three main components are well summarized in Figure 2 , which shows the IVOA "level zero" architecture as stated in the IVOA Architecture document (Arviset et al. 2010 [12] ), with data providers (including modelling data) at the bottom and users (including machines) on the top, and in the box in the middle the elements of the Virtual Observatory framework: the VO provides a technical framework for the providers to share their data and services ("Sharing"), and allowing users to find ("Finding") these resources, to get them ("Getting") and to use them ("Using"). To enable these functionalities, the establishment of some core astronomically oriented standards ("VO Core") is also necessary.
Euro-VO activities over the years led us to define best practices for the main strands of work: support to the scientific community, support to data providers, and coordination of technological work. They are detailed in the following subsections. Table 2 
Support to the scientific community
Euro-VO considered from the beginning that providing support to the community includes gathering its requirements. The Science Advisory Committee was set up at a very early stage and regularly met to discuss science needs, comment on the Euro-VO activities and propose directions for future work. [16] ). Members of the science community were invited to discuss their scientific needs with VO scientists and developers, and VO teams presented the current status of the VO in these domains. This was at a stage when the core standards and tools were being developed and it was important to gather detailed science needs. European astronomers are currently playing a leading role in the VO science field.
Support for data providers
The The Data Centres were asked to identify the types of data and services they provide according to three main categories: "Observational Archives and Data Products", "Services, Tools and Software Suites", and "Theory Archives or Services". The Venn diagram in Figure 3 shows the relative proportions of the responses in each category, and the strong overlap between these categories with many Data Centres indicating that they provide multiple types of services.
The Census is used to gather information on how data providers use the VO framework, and about their feedback and requirements.
One main aim of the EuroVO-DCA project was to engage data providers, trained in the usage of data publishing tools, and were invited to apply them to their own data holdings. Several participant groups and individuals eventually posted VO-compliant data and services, and some engaged as active IVOA participants. There was initially a good response to these workshops, but at the third workshop fewer participants applied and it was felt that this was the end of a cycle. The individual VO initiatives continued to give support to data providers on request, and many potential VO contributors also attended the IVOA meetings and events organised at the national level to learn about the VO framework. Data providers would welcome a regular forum to share their experience of using the VO, provide feedback and get support from the VO teams. It was emphasised that making data centre holdings available in the VO increases visibility and impact. Another important motivation for data providers to engage in VO take-up is that they are interested in having their data made useable in VO tools such as Aladin for visualization or TOPCAT for tabular data: they also use the VO because it saves time and effort and provides valuable tools. The help provided by VO teams was identified as an important factor for take-up, especially for the smaller data centres. Some also use VO publishing tools such as, currently, DACHS, SAADA, VODance, developed respectively in Germany, France and Italy, and the suite of tools developed by the Spanish VO (SVOCat, MySpec-MyImg) 13 . The most appropriate publishing tools depends on the characteristics, in particular of the complexity, of the data. VO publishing workshops are also organised at the national level, for instance by the French European members of the IVOA Committee on Science Priorities have been among the driving forces of this evolution.
Why and how to organize technical collaboration at a continental level
The core coordination activity for the development of the VO framework of standards and tools is obviously at the IVOA level: the Working Groups and Intererest Groups, overseen by the Technical Coordination Group (TCG).
IVOA organise the technical activities, and priorities are set up by the Executive Board. Also, as explained in Section 3 most of the technical work is performed by the national and agency VO initiatives.
The Euro-VO added-value for the technological activities is that it allowed the sharing of knowledge and the establishment of close collaboration in common technological activities, as well as the building of links between tools, which are one of the core assets of the VO interoperability framework thanks in particular to the SAMP 14 standard (Taylor et al. 2012 [21] ). As explained in the preamble of SAMP "IVOA members have recognised that building a monolithic tool that attempts to fulfil all the requirements of all users is impractical, and it is a better use of our limited resources to enable individual tools to work together better".
Euro-VO fully endorsed this philosophy from the beginning and its partners put emphasis in the development of tools allowing access to, visualisation of and usage of VO-enabled data such as Aladin (VO portal for images), TOPCAT (Management tool for tabular data), VOSpec (visualisation and management of spectra), VOSA (Spectral energy distribution building and analysis).
Technical cooperation and coordination has been organised since the VOTECH project through bi-yearly meeting of the European technical teams involved in the VO development, the Euro-VO Technology Forums. These meetings allowed the sharing of information about VO status and technical developments in the different countries, the establishment of cross-border collaborations, and also "hands-on session" (Hack-a-thon) for testing or prototyping software. IVOA standards in development could also be discussed, especially when diverging opinions had shown up between European teams or when most of the interested participants were Europeans, allowing more efficient work in the IVOA context.
Additional face-to-face meetings were also organised on specific topics, for instance theory -to which Euro-VO has been devoting special attention since the EuroVO-DCA project. These meetings were instrumental in building a Europewide technical VO community, including staff who were eventually not able to travel to the IVOA Interoperability meetings, in particular junior staff, temporary contractors and interns, who could get an early exposure to working in an international context. The Euro-VO projects which provided support for technological activities also produced a detailed description of the VO architecture, and important advances in the VO framework, by allowing the partners to focus technological work on key standards and tools and to assess new technologies.
and in web browsers, and is also intended to form a framework for more general messaging requirements.
Euro-VO in a wider European context
Euro-VO paid particular attention to liaisons with "nearby" disciplines. Sev- the RDA is also to make sure that the generic framework is able to interoperate with existing disciplinary frameworks, and that our specific requirements are taken into account. 
Conclusion
As shown throughout this paper, the three main pillars to build and maintain VO coordination are support for scientific users, support for data providers, and coordination of technical activities. At the beginning of the Euro-VO endeavour, this was described by a proposed organisation with three entities, the One of its products is the assessment of all the elements needed for medium term sustainability, and work is on-going, in particular with the funding agencies represented in Astronet, to understand how these elements can be put in place.
One clear evolution is the need to establish closer links with the large projects of the discipline. This is the aim of the next Euro-VO project, which enters as Another clear strand for evolution is a closer collaboration with, and effective participation in, projects which work on the generic framework for data sharing, driven in particular by the very fast emergence of the Research Data Alliance as a major global initiative in scientific data sharing.
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